Because protein synthesis begins with N-formylmethionine in plant endosymbiotic organelles, removal of the formyl group by peptide deformylase (PDF) is essential to allowing the excision of the first methionine. Rice contains three copies (OsPDF1A, OsPDF1B and OsPDF1B2) of the PDF genes. Unlike OsPDF1A and OsPDF1B, OsPDF1B2 is apparently non-functional, with several deleterious substitutions and deletions. OsPDF1A is more strongly expressed in the roots, while OsPDF1B is expressed at higher levels in mature leaves. Transient expression of PDF-green fluorescent protein (GFP) fusion proteins in the protoplasts demonstrates that, unlike OsPDF1A, OsPDF1B is localized in both the chloroplasts and the mitochondria. We used T-DNA insertional alleles to elucidate functional roles associated with OsPDF1B. Homozygous plants of pdf1b/ pdf1b exhibited the phenotypes of chlorina and growth retardation. Histochemical analysis showed that the length of their mesophyll cells was increased 4-to 5-fold, resulting in a reduction in the total number of cells. Transmission electron microscopy analyses revealed that chloroplasts were severely damaged and mitochondria appeared to be mildly altered in the pdf1b mutants. Expression of genes encoded in the chloroplasts and mitochondria was altered in the mutants. Based on these results, we conclude that OsPDF1B is essential for the development of chloroplast and perhaps mitochondria.
Introduction
Although chloroplasts and mitochondria were once free-living prokaryotes, today organellar genomes, are highly reduced relative to their ancestors. Chloroplast and mitochondrial genome sequences have been determined from various organisms (Sugiura 1992 , Salanoubat et al. 2000 , Notsu et al. 2002 . The chloroplast genome from Nicotiana is estimated to encode 114 genes, which accounts for about 4% of all genes encoded by free-living cyanobacteria (Yukawa et al. 2006) . The mitochondrial genome of wheat has 55 genes, which is only 2% of those encoded by free-living alpha-proteobacteria (Tanaka et al. 2004 ). However, proteomic analysis using rice subcellular compartments has detected 252 distinct protein spots in the chloroplasts and 672 in the mitochondria (Tanaka et al. 2004) . Therefore, a large number of nuclear-encoded proteins must be targeted into the endosymbiotic organelles. Many such proteins are essential factors for determining the integrity of chloroplasts or mitochondria (Jung et al. 2003 , Guo and Crawford 2005 , Gao et al. 2006 , Scott et al. 2006 . Even in apparatus for transcription and translation within the organelles, nuclear-encoded proteins are needed (Beardslee et al. 2002 , Ishizaki et al. 2005 , Albrecht et al. 2006 .
Whereas protein synthesis begins with methionine in the cytosol, N-formylmethionine is used as the first amino acid in chloroplasts and mitochondria. The formyl group is then removed from these nascent proteins (reviewed in Meinnel 2001, Giglione et al. 2004 ). Excision of the formyl group is a crucial process, as indicated by the lethality of the def mutant in Escherichia coli. Meinnel and Blanquet (1994) have generated an E. coli strain, PAL421Tr-pMAKfms, in which an inactive peptide deformylase (PDF) gene is present on the chromosome and wild-type (WT) alleles on a plasmid with a thermosensitive replicon. Growth of PAL421Tr-pMAKfms is strictly dependent on thermosensitive expression of PDF. The importance of PDF in cell proliferation has also been studied in humans. Treatment with actinonin, an inhibitor of PDF, prohibits the multiplication of human cancer cell lines. Blocking of human PDF by small interfering RNA also causes a reduction in the proliferation of tumor cells (Lee et al. 2004) .
In organelles of Arabidopsis thaliana, N-terminal processing is achieved by one of two peptide deformylases, PDF1A and PDF1B (Giglione et al. 2000 , Dirk et al. 2001 . Disruption of the PDF1B gene leads to an albino phenotype, whereas the PDF1A knockout line exhibits no apparent change in phenotype . This is consistent with the results of localization experiments, which have detected PDF1A in mitochondria and PDF1B in both mitochondria and chloroplasts (Giglione et al. 2000) . Therefore, the absence of PDF1A in the mitochondria might be compensated for by PDF1B, but no alternative protein for PDF1B occurs in the chloroplasts. Because of the accumulation of PDF1A, mutant phenotypes can be partially recovered in some individuals of pdf1b, which exhibit abnormally weak pigmentation as well as fewer and smaller leaves than on the WT.
Rice has three genes with strong homologies to A. thaliana PDF. Here, we report the characterization of these PDF cDNAs and the functional analysis of one of them, OsPDF1B, using homozygous pdf1b/pdf1b plants. The mutant shows a seedling lethal phenotype, which is associated with defects in the development of chloroplasts and perhaps mitochondria.
Results

Three peptide deformylase genes in rice
A database search identified three PDF genes in rice. We determined their likely open reading frames (ORFs) by sequencing full-length cDNAs obtained from mature leaves. The deduced PDF sequences were aligned with those from other species, including A. thaliana (accession Nos. AAD39667.1 and CAB87633.1) and E. coli (accession No. CAA54826.1) ( Supplementary Fig. S1 ). Three conserved motifs were found among the aligned PDFs (Meinnel 2000) (Fig. 1A) . Of these PDFs, one could be grouped with AtPDF1A while the other two grouped with AtPDF1B in the phylogenic tree (Fig. 1B) . Therefore, we named these rice genes OsPDF1A, OsPDF1B and OsPDF1B2, based on their sequence homology to AtPDF genes .
The amino acid sequence of OsPDF1B2 is 79% similar to that of OsPDF1B. The C-terminal region is almost identical except for one amino acid ( Supplementary  Fig. S1 ), which turns out to be a crucial residue as it corresponds to the conserved glycine of motif 2. This conserved glycine is found in OsPDF1B but is replaced by a serine in OsPDF1B2 (Fig. 1A) . It is already known that this glycine residue is essential for activity in the context of the E. coli enzyme and that its substitution by serine dramatically decreases the catalytic activity by two orders of magnitude (Ragusa et al. 1999 ). This suggests that OsPDF1B2 might be a pseudo gene.
Functional analysis of the OsPDF ORFs
For all three genes, we generated constructs expressing either a full-length protein or only the catalytic domain (Giglione et al. 2000) . They were transferred into E. coli strain PAL421-pMAKfms to examine their ability to complement the thermosensitive character of that strain. Constructs expressing either full-length or truncated (Jeanmougin et al. 1998) , and the tree was constructed using the neighbor-joining program in MEGA version 2.1. The scale bar corresponds to 0.1 amino substitutions per residue.
Rice peptide deformylases(i.e. with a deletion of the N-terminal extension) PDF1A and PDF1B complemented the strain ( Fig. 2 and Supplememtary  Fig. S2 ). This was not the case for PDF1B2 expressed as either a truncated or full-length protein in the presence or absence of an inducer. Together, these data indicate that PDF1A and PDF1B have PDF activity, but OsPDF1B2 does not. Therefore, we can confirm the aforementioned analysis of the amino acid sequence and propose that OsPDF1B2 should be considered a non-functional gene, making OsPDF1B the only functional PDF1B gene in rice.
Expression analysis of the OsPDF mRNAs
We examined expression patterns by reverse transcription-PCR (RT-PCR), using gene-specific primers. Total RNAs were prepared from the roots and shoots of 7-d-old seedlings, the leaves and sheath of mature plants at 2 months after germination, panicles and developing seeds. To distinguish genomic DNA from the RT-PCR products, we designed the primers at the two exons, so that we could minimize any confusion from potential genomic DNA contamination. To avoid saturation, we performed only a few PCR cycles and hybridized their products with radioactively labeled probes after separating them on agarose gels. The representative results of several experiments are shown in Fig. 3 . Although those two genes were expressed in all organs examined, their expression patterns differed. OsPDF1B was more strongly expressed in mature leaves compared with young leaves. In contrast, OsPDF1A expression was relatively higher in seedlings, especially in roots. These data, however, do not allow comparative analysis of the relative levels of each mRNA.
Subcellular localization of PDFs
Because PDFs function in the chloroplasts and mitochondria (Giglione et al. 2000) , we investigated their subcellular localization using fusions between PDF and green fluorescent protein (GFP). Our objective was to investigate whether OsPDF1A and OsPDF1B were localized to both organelles or if any of the members were specifically localized to just one. We made fusion constructs between full-length PDF cDNAs and the GFP gene; these fusion molecules were placed under the control of the maize ubiquitin (Ubi) promoter. The molecules were transformed into mesophyll protoplasts prepared from rice young leaves. As a control, we co-transferred the F 1 ATPase-RFP fusion construct. The fusion product was previously reported to be localized to mitochondria (Jin et al. 2003) . After a 12 h incubation of the transformed cells, transient expression of the introduced molecules was monitored with a confocal microscope. PDF-GFP proteins were detected in the GFP channel while mitochondrial marker protein F 1 ATPase was detected in the red fluorescent protein (RFP) channel. Autofluorescence was used to visualize the chloroplasts.
Our experiments demonstrated that both OsPDFs are primarily located in the chloroplasts (Fig. 4 ). Mitochondria were stained with OsPDF1B-GFP (Fig. 4L , O), but none was detected when the OsPDF1A-GFP fusion was used. Fig. 2 Complementation of the E. coli def mutant with OsPDF. Strain PAL421Tr-pMAKfms was transformed with the eight plasmids described below, and amplicllin-resistant colonies were selected at 308C. Several independent clones were restreaked at 428C. To ensure that the thermosensitive plasmid pMAKfms was cured, the positive clones observed, if any, were restreaked a second time under the same conditions. Construct 2 corresponds to full-length OsPDF1A, construct 3 to full-length OsPDF1B, construct 4 to full-length OsPDF1B2, construct 5 to N-truncated OsPDF1A, construct 6 to N-truncated OsPDF1B and construct 7 to N-truncated OsPDF1B2. N-truncation corresponds to the deletion of the transit peptide (see Supplementary Fig. S2 ). þ is the fulllength E. coli def gene in pUC18, and -is pUC18, a negative control. NB: the negative control was directly restreaked from the 308C dish. This result indicated that OsPDF1A is located in chloroplasts while OsPDF1B is localized in both chloroplasts and mitochondria. We confirmed the observation using protoplasts isolated from Oc suspension cells. Whereas there were no overlapping signals (Fig. 4G ) between OsPDF1A-GFP ( Fig. 4E ) and ATPase-RFP (Fig. 4F) , most of the RFP signals emitted from mitochondria ( Fig. 4N ) overlapped with the OsPDF1B-GFP signals ( Fig 4M) . Therefore, the GFP signals that did not overlap with RFP must be in the protoplasts (Fig. 4O ).
Screening of T-DNA insertion mutant lines in OsPDF1B
We previously generated T-DNA tagging lines of japonica rice (Jeon et al. 2000) and obtained flanking sequences of the T-DNA insertion sites , Jeong et al. 2006 . Using this flanking sequence database, we have now identified Line 1B-06743, in which T-DNA was inserted in the third intron of OsPDF1B (Fig. 5A ). This mutant was named allele pdf1b-1. All the pdf1b-1/pdf1b-1 homozygous seedlings showed the chlorina phenotype and their growth was retarded (Fig. 5B ). The seedlings eventually died an average of 28 d after germination when grown in soil. This result suggests that the seedling lethal phenotype was due to that T-DNA insertion within the OsPDF1B gene.
To confirm that knocking out the OsPDF1B gene function caused the mutant phenotypes, we obtained an additional pdf1b allele by screening the T-DNA insertional population (Jeon et al. 2000 , Jeong et al. 2002 . We previously reported that T-DNA insertion into a given gene can be identified from DNA pools by PCR ( Lee et al. 2003) . Here, screening of 70,000 lines resulted in the identification of Line 3A-15279, in which T-DNA was inserted into the first intron of OsPDF1B (Fig. 5A ). This mutant allele was named pdf1b-2. The homozygous pdf1b-2/ pdf1b-2 plants showed the seedling defect phenotype identical to that of pdf1b-1/pdf1b-1 (Fig. 5B) .
To investigate whether the OsPDF1B transcript is present in mutant plants, we used RT-PCR with F1 and R1 primers located in untranslated regions of the genes, as indicated in Fig. 5A . The OsPDF1B transcript was not found in the pdf1b-1 or pdf1b-2 mutant plants (Fig. 5C ), so we can conclude that both alleles are knockout mutants.
Phenotypes of the pdf1b knockout plants
To determine the extent of growth retardation, we measured the lengths of shoots and roots from 10-d-old seedlings grown on MSO medium. Average values were 13.3 and 5.8 cm for WT shoots and roots, respectively, vs. 1.5 and 2.2 cm for pdf1b mutant shoots and roots (Table 1) . The growth retardation phenotype was apparent as early as 3 d after germination, and persisted until those plants died at approximately 28 d after germination.
All the pdf1b seedlings showed the chlorina phenotype, beginning from the germination stage. Because this was probably due to a Chl deficiency, we measured Chl contents in the leaves of 10-d-old seedlings. In the WT, Chl a and Chl b were present at 59 and 15 mg, respectively, per 1 ml of extract. However, in pdf1b, the Chl contents were very low (Table 2) .
Because the pdf1b mutants exhibited the chlorina and growth retardation phenotypes, we analyzed whether this delay in growth resulted from a Chl deficiency by growing those seedlings on MS medium containing 3% sucrose. The same growth retardation phenotype was observed as had been found with plants grown on sucrose-free MS medium ( Supplementary Fig. S3 ), leading us to conclude that this phenotype is independent of the chlorina phenotype.
To examine whether the chlorina phenotype is due to a defect in PDF, we examined the effect of actinonin on WT seedlings. This known inhibitor of PDF blocks photosynthesis and reduces growth rates (Serero et al. 2001) . WT seeds were sown on MSO medium (with 3% sucrose) supplemented with various concentrations of actinonin. We observed that actinonin did cause photosynthesis to be suppressed and growth to be slowed ( Supplementary  Fig. S4 ), although, even at a high concentration (1 mM), this outcome was not as severe as that seen when we knocked out the PDF1B gene.
Histochemical analyses
To determine, at the cellular level, the reason for this growth retardation, we performed histochemical analysis using the second leaves of 10-d-old seedlings. Samples were adhered to cellulose tape and gently abraded with fine sandpaper until their mesophyll cells disappeared. The remaining materials were treated with toluidine blue to stain the epidermal cells. The epidermal cells and stomata were smaller in the pdf1b-1 mutants than in the WT (Fig. 6A, B) . Whereas the WT epidermal cells had an average vertical length of 71.0 mm (range 40.0-103.0 mm), those of pdf1b-1 were 56.5 mm long (22.9-94.1 mm). Stomatal lengths were (Table 3) . However, the size of the buliform cells was slightly increased in the mutant, averaging 37.6 mm (30.4-43.3 mm) compared with 34.3 mm (28.2-49.4 mm) for the WT. We also saw differences in the shapes of those epidermal cells. For example, protuberances were found in the WT epidermises, but were rare in pdf1b-1 due to swollen cells. Symptoms of this swelling were more prominent in the stomata and buliform cells (Fig. 6A, B) . We also prepared cross-sections of the second leaves from 10-d-old-seedlings (Fig. 6C, D) . Cellular contents differed, with WT cells being strongly stained by toluidine blue, but with only faint staining being observed for the mutant cells.
Longitudinal sections displayed notable differences in not only the cellular content but also the size of the mesophyll cells (Fig. 6E, F) . From a string 200 mm long, we counted an average of 15.2 cells (14.0-16.0) in the WT compared with 4.5 cells (3.0-5.0) in pdf1b. Mesophyll cells from the latter were 45.1 mm long vs. 10.6 mm in the WT (Table 3) . No significant differences were observed between the root cells from either genotype (data not shown).
TEM analyses
Light microscopic observations of mutant leaf blades showed significant changes in the size and content of mesophyll cells. To investigate these abnormalities further, we examined them at high resolution via transmission electron microscopy (TEM). This analysis revealed that chloroplast formation was severely impaired in pdf1b (Fig. 7B, D) . In particular, the thylakoid membranes were not properly developed. In addition, mitochondria appear to be underdeveloped in the pdf1b mutants (Fig. 7B, D) .
Expression of genes encoded in endosymbiotic organelles
Because the chloroplasts and mitochondria were not properly developed in pdf1b, we studied the expression of genes transcribed in those organelles. RNA was prepared from the second leaves of 10-d-old seedlings, and transcript levels for selected genes were analyzed by semi-quantitative RT-PCR. We performed the analysis three times with different biological samples, and expression was normalized to that of the Ubi gene (Fig. 8) . Transcript levels for the Data shown are mean values of lengths (mm) AE SD.
Fig. 6 Histological analysis of leaf tissues. Epidermis from wild type (A) and pdf1b-1 (B). Cross-section of the first leaf from the wild type (C) and pdf1b/pdf1b (D). Longitudinal section from the wild type (E) and pdf1b-1 (F). M, B and V indicate mesophyll, buliform and vascular bundle, respectively. Scale bars represent 10 mm.
Rice peptide deformylaseschloroplast genes-rubisco large subunit (rbcL) and ribosomal protein 12 (rps12)-decreased by 43-and 3,000-fold, respectively, in pdf1b (Fig. 8A, B) . In contrast, the three mitochondrial genes-apocytochrome b (cob), a subunit of ATP synthase (F1a) and subunit 9 of NADH dehydrogenase (nad9)-were increased by 10-, 6-and 21-fold, respectively (Fig. 8C, D) .
Discussion
Deformylation is an essential step in the maintenance of life for all organisms (Meinnel and Blanquet 1994 , Lee et al. 2004 , Bouzaidi-Tiala, 2007 . Study with an Arabidopsis mutant, pdf1b, has revealed the importance of PDF in the chloroplasts . Through the analysis of pdf1b, we observed that deformylation is critical for chloroplasts and perhaps for mitochondria.
Targeting of the PDF gene in rice
In rice, 29% (i.e. 10,837) of all genes are tandemduplicated within 5 Mb intervals (International Rice Genome Sequencing Project 2005). OsPDF1B and OsPDF1B2 are $60 kb apart, and are very similar in their sequences and gene organization. However, the PDF1B2 sequence contains a few major differences that cause catalytic activity to be inhibited and did not complement the def mutant. Thus, we conclude that PDF1B2 is likely to be an inactive gene.
Transient expression analyses using the PDF-GFP fusion constructs indicated that PDF1A is localized to the chloroplasts while PDF1B is targeted to both chloroplasts and mitochondria. The mechanisms responsible for the dual targeting of proteins encoded by a single gene have been elucidated by Danpure (1995) and Silva-Filho (2003) . Dual targeting of single gene products is achieved by various mechanisms, including transcriptional, translational and post-translational controls. Transcriptional control leads transcript heterogeneity through multiple initiation sites or alterative splicing, resulting in the production of proteins with variable N-termini (Guptan et al. 1997 ). Because we used a single cDNA for our vector construction, we can exclude the possibility of such transcript heterogeneity. Translational control can be accomplished through alternative translational initiation from a single transcript with two potential in-frame start codons. Because the OsPDF1B cDNA contains two in-frame ATGs, we made two different fusion constructs. In the first, the entire sequence was connected to GFP. In the second, we changed the ATG start codon to ATC so that the second ATG could be used as the start codon. When these constructs were tested in mesophyll cells, the full-length PDF1B-GFP fusion protein was detected in the chloroplasts and mitochondria, whereas the smaller protein translated from the second ATG was detected in the cytosol. These results suggest that PDF1B may be translated into a single protein with multiple target sequences. Giglione et al. (2000) and Serero et al. (2003) have reported that PDF1A from Arabidopsis and human cells is primarily targeted into the mitochondria. Here, PDF1A from rice was repeatedly detected in the chloroplasts and we observed no mitochondrial localization. Nevertheless, this does not necessarily mean that rice PDF1A is not mitochondrially localized; such a conclusion would require further analysis. From the mutant phenotype of pdf1b-chlorina and severe growth retardation-we can infer that PDF1B functions in both mitochondria and chloroplasts. Clearly, however, the localization of PDF1A in the chloroplast does not compensate for the absence of PDF1B in that particular organelle. This suggests that PDF1B plays a major role in the chloroplast, e.g. via its expression pattern or, as proposed previously in the case of A. thaliana, because of its higher abundance relative to PDF1A Meinnel 2001, Giglione et al. 2004) . Applying TEM analysis, we observed damaged chloroplasts in the leaves of the pdf1b1 mutants. 
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Expression of PDF1A was altered in pdf1b Arabidopsis pdf1b mutants occasionally recover the albino phenotype owing to an accumulation of PDF1A in their chloroplasts . Our RT-PCR analysis revealed that the PDF1A transcript level is increased in the mutant (data not shown). Because deformylation is essential for life maintenance, up-regulation of PDF1A is needed to compensate for PDF deficiencies caused by the pdf1b mutation.
Occasionally, a low amount of green pigment is accumulated in the rice pdf1b mutant. Dirk et al. (2001 Dirk et al. ( , 2002 have shown that two PDFs from Arabidopsis have different activities for their substrates. Therefore, it is possible that OsPDF1B has greater deformylase activity than PDF1A. Alternatively, substrate specificity may vary among the rice PDFs.
Expression of organellar genes in pdf1b
Because proteins in endosymbiotic organelles are encoded either inside or exterior to the nucleus, the nuclear genes must adjust their expression according to the state of the organelle. Studies of several mutants with developmentally arrested chloroplasts or mitochondria have revealed that expression is altered for nuclear-encoded endosymbiotic organellar proteins (Leister 2005, Liu and Butow 2006) . Through retrograde signaling, the nucleus recognizes the functional or physiological state of the organelles. Porphyrins and reactive oxygen species are chloroplast signaling molecules that regulate transcription of the chloroplast target genes (Larkin et al. 2003, Baier and Dietz 2005) . Glutamate and heme function in mitochondrial retrograde signaling (Dilova et al. 2004 ). In pdf1b, we did not observe any significant alteration in the expression of nuclear genes for endosymbiotic organelles, indicating the absence of retrograde signaling (data not shown). Giglione et al. (2003) have reported that a crucial subset of chloroplast-encoded PSII components is destabilized in pdf1b. Disruption of PSII activity may cause a change in the redox status of plastoquinone (PQ). For example, expression of the Lhcb genes is down-regulated by a reduced PQ pool (Fey et al. 2005) . In pdf1b, PQ might not receive an electron from PSII because of such a disruption, and oxidized PQ might not down-regulate the expression of Lhcb.
Nitric oxide and ascorbate are the signaling molecules between the mitochondrion and plastid (Raghavendra and Padmasree 2003) . Here, although the expression of nuclear genes for endosymbiosis was not altered owing to the absence of retrograde signaling, we observed a decline in the Rice peptide deformylasesexpression of chloroplast-encoded genes in pdf1b. Such reductions in the photosynthetic apparatus have been reported in some pigment-deficient mutants (Yamamoto et al. 2000 , Bae et al. 2001 . Likewise, copy numbers and transcript levels are higher in chloroplasts than in non-green plastids (Isono et al. 1997) . Because functional chloroplasts were not present in pdf1b, chloroplast transcript levels should have been reduced in the mutant. In contrast, mitochondrial transcripts were more abundant in pdf1b.
Using an albostrians mutant and bleached leaves, Hedtke et al. (1999) have shown that a lack of chloroplast activity in differentiated leaf blades leads to an increase in mitochondrial gene copy number and mitochondrial transcription. Similarly, the malfunctioning of chloroplasts here brought about changes in mitochondrial transcripts in pdf1b.
Materials and Methods
Database search and isolation of full-length cDNA PDF1A from A. thaliana was used to perform BlastP analysis in TIGR (http://tigrblast.tigr.org). Three genes (Os01g37510, Os01g45070 and Os01g44980) with E values 41 Â 10 À10 were identified. Based on the annotation database, full-length cDNAs were amplified and sequenced (PDF1A, EU213045; PDF1B, EU213046; and PDF1B2, EU213047).
Mutant isolation and plant culture condition
From the T-DNA insertion database (www.postech.ac.kr/ life/pfg/risd) in which the T-DNA insertion site had been identified, one line with a T-DNA insertion at PDF1B was founded. Seedlings were grown in MSO medium containing 0.44% Murashige and Skoog (MS) basal salts, 0.2% Phytagel and 0.55 mM myo-inositol (Sigma-Aldrich, St Louis, MO, USA) for 10 d at 278C under continuous light.
RNA isolation and RT-PCR analysis
Total RNAs were extracted with Tri Reagent (MRC Inc., Cincinnati, OH, USA) and then treated with DNase (Promega, Madison, WI, USA). For synthesis of cDNA, 1 mg of total RNA was reacted with M-MLV reverse transcriptase (Promega), 2.5 mM dNTP and either 10 ng of the oligo(dT) 15 primer or 100 pM of random primers. The RT-PCR primers were as follows: PDF1B for knockout analysis, 5 0 -AAAAACCCCGAGGCATCTGTA-3 0 and 5 0 -TCTTTGCCCCTGTAACATCCT-3 0 ; PDF1B for expression analysis according to the developmental stage, 5 0 -AAAA ACCCCGAGGCATCTGTA-3 0 and 5 0 -ACGCACGCTCTCAAG AACATC-3 0 ; and PDF1A, 5 0 -AGGATACCCAAGAATACATCA G-3 0 and 5 0 -AAATGTGGAATGCTCTCCACC-3 0 . PCR was performed for 24 cycles (PDF) or 20 cycles (organellar genes). Because of high GC contents in the PDF genes, GC buffer I was used (TAKARA SHUZO, CO., LTD., Ohtsu, Shiga, Japan). The PCR products were separated on a 1.5% agarose gel, then blotted onto a nylon membrane and hybridized with a 32 P-labeled probe. Primers for real-time quantitative PCR were described by Sugimoto et al. (2004) and Howell et al. (2006) .
Localization vector construction
Full-length cDNAs were prepared with the following PCR primer combinations: PDF1B, 5 0 -AAAAACCCCGAGGC ATCTGTA-3 0 and 5 0 -AAGCTCAGCAGGATGTTTTGAA-3 0 ; and PDF1A, 5 0 -ACAATCGTAATTAGCAGGCCG-3 0 and 5 0 -A AATGTGGAATGCTCTCCACC-3 0 . PCR products were ligated with a pGEM vector (Promega) and their sequences were determined. To construct the GFP fusion molecules, we performed PCR to generate an enzyme site at the end of the reading frame for each PDF to allow for in-frame fusion to GFP. The primers included 5 0 -GCCCGGCATGGCCGCGCGCCTTCA-3 0 and 5 0 -CACTAGT TCTTGAGAAACTAATG-3 0 for PDF1B, and 5 0 -GAGTACTGA GATGGAAGCTC-3 0 and 5 0 -GACTAGTGCGTGCACCTATT-3 0 for PDF1A. PCR products were cloned into a pGEM vector, then transferred into a vector in which multiple cloning sites were located between the maize Ubi promoter and the sGFP coding sequence.
Complementation of the E.coli def mutant For complementation vector construction, full-length and partial cDNAs (without a signal peptide) were prepared and inserted into the pGEM or TA cloning vector under the control of the lac promoter, with an ATG start codon downstream of a ribosome-binding site. Full-length cDNA of PDF1B2 was amplified by PCR using primer set, 5 0 -GCCAGTCTCGCGCTGGC GCG-3 0 and 5 0 -ACCGAAAGCTATTCATCTTG-3 0 . The forward primers to obtain truncated cDNA were as follows: 5 0 -GTGA TGGCGATGACGGTGACGC-3 0 for PDF1A; 5 0 -GTGATGGAG GACGAGGACTT-3 0 for PDF1B; and 5 0 -GTGATGGGCTCGGT CGCGCCTC-3 0 for PDF1B2. The expressed, truncated ORFs are shown in Supplementary  Fig. S2 . Strain PAL421Tr (fmsD1, galK, rpsL, recA56, srl-300::Tn10) carrying the pMAKfms thermosensitive plasmid expressing E. coli PDF (Meinnel and Blanquet 1994) was transformed at 308C by the indicated plasmid. Ampicillin-resistant cells were then re-streaked at 428C on pre-heated Luria-Bertani plates containing 50 mg ml -1 ampicillin and 2 g l -1 glucose, and grown for 12 h. The colonies were re-streaked a second time and grown overnight on the same medium at the same temperature to ensure that the thermosensitive plasmid was removed. The PDF1B2 constructs were also plated and re-streaked in the absence of glucose and in the presence of 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) to check whether boosted expression could improve complementation.
Measurement of chlorophyll content
Chl was extracted with 95% ethyl alcohol from the second leaves of 10-d-old seedlings. The extract was measured spectrophotometrically at 648 and 664 nm. Specific Chl contents were determined according to the method of Lichtenthaler (1987) .
Histochemical analysis
The second leaves and the roots from WT and homozygous plants were fixed in formalin/acetic acid/alcohol (FAA) solution for 8 h before being gradually dehydrated. Samples were embedded in Technovit 8100 resin (Kulzer and Co., Wehrheim, Germany). They were then sectioned to 5-10 mm thickness with a rotary microtome (Model 2165; Leica Microsystems, Nussloch, Germany) and observed under an Axioplan 2 microscope (Zeiss, Jena, Germany).
TEM analysis
TEM analysis was performed according to the method described by Jung et al. (2005) . The second leaves of our
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Rice peptide deformylases homozygous pdf1b-1/pdf1b-1 seedlings and their segregating WT siblings were sampled and fixed overnight at 48C in a solution containing 1.4% glutaraldehyde, 2% paraformaldehyde, and 50 mM piperazine-N,N 0 -bis (2-ethanesulfonic acid) (PIPES; pH 7.2). They were then rinsed in 0.05 M phosphate buffer (pH 7.0) and further fixed in 1% osmium tetroxide at 48C overnight. After rinsing again in the PIPES buffer, the samples were dehydrated through a gradual ethanol series (10-100%), and embedded in LR white resin (London Resin Co., UK). The resin polymerization reaction was processed overnight at 608C in a dry oven. Afterwards, the embedded leaf samples were dissected to a thickness of 40-50 nm with an ultramicrotome. They were then collected on nickel grids (1-GN, 150 mesh) and stained with 2.5% uranyl acetate for 20 min. After being washed with pure water, the specimens were stained with lead citrate for 7 min at room temperature. After double staining, observations were made under a transmission electron microscope (TEM 100 CX-I, 80 kV).
Protoplast preparation
To prepare the mesophyll protoplasts, third leaves were harvested from 10-d-old seedlings grown on an MSO medium and dissected with a razor blade. Protoplasts from Oc cells were prepared at the exponential growth stage. The materials were digested in an enzyme solution [1.5% cellulase RS, 0.3% macerozyme, 0.1% pectolyase, 0.6 M mannitol, 10 mM MES, 1 mM CaCl 2 and 0.1% (w/v) bovine serum albumin] for 4 h at 268C with gentle agitation (50-75 r.p.m.). KMC solution (117 mM KCl, 82 mM MgCl 2 and 85 mM CaCl 2 ) was added afterward. Protoplasts were sorted from the leaf debris through a nylon mesh (20 mm), then collected by centrifuging at 1,000 r.p.m. for 2 min and re-suspended in EP3 solution (70 mM KCl, 5 mM MgCl 2 , 0.4 M mannitol and 0.1% MES; pH 5.6) at 1 Â 10 6 protoplasts ml -1 (Harms and Potrykus 1978) .
Subcellular localization
A 20 mg aliquot of DNA was mixed with 500 ml of protoplasts. The DNA was transfected into the protoplasts by electroporation at 300 V and 450 m F using the Gene Pulser Xcell (Bio-Rad, Hercules, CA, USA). Treated cells were incubated in a solution (9.6 M mannitol, 4 mM MES and 4 mM KCl) overnight at 308C. Signals were monitored using a Zeiss Axioplan 2 fluorescence microscope, and images were then captured with a confocal fluorescence microscope (LSM 510; Meta, Jena, Germany).
Supplementary material
Supplementary material are available at PCP Online. 
